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Summary

The biogenesis of  Sm-type  small nuclear cytoplasm. SF3a60 and SF3a66 deleted for zinc finger
ribonucleoproteins (SNRNPS) involves the export of newly domains required for the incorporation of SF3a into the U2
transcribed small nuclear RNAs (snRNAs) to the snRNP are nuclear, indicating that the 17S U2 snRNP is
cytoplasm, assembly with seven common proteins and assembled in the nucleus. However, these proteins show an
modification at the 5 and 3 termini. Binding of snRNP-  aberrant nuclear distribution. Endogenous SF3a subunits
specific proteins and snRNA modification complete the colocalize with U2 snRNP in nuclear speckles, but cannot
maturation process. This is thought to occur after reimport be detected in Cajal bodies, unlike core U2 snRNP
of the core snRNPs into the nucleus. The heterotrimeric components. By contrast, SF3a60 and SF3a66 lacking the
splicing factor SF3a converts a pre-mature 15S U2 snRNP zinc finger domains accumulate in Cajal bodies and are
into the functional 17S particle. To analyze cellular aspects diffusely distributed in the cytoplasm, suggesting a function
of this process, we studied domains in SF3a60 and SF3a66 for Cajal bodies in the final maturation of the U2 snRNP.
that are required for their localization to nuclear speckles.

Regions in SF3a60 and SF3a66 that mediate the binding to

SF3al20 are necessary for nuclear import of the proteins, Key words: Cajal body, Localization, SF3a, SnRNP biogenesis,
suggesting that the SF3a heterotrimer forms in the Splicing factor

Introduction Within the nucleus, the bulk of the shRNPs accumulate in

The U1, U2, U4, U5 and U6 small nuclear ribonucleoproteingiterchromatin granule clusters, which appear by fluorescence
(snRNPs) play key roles in the splicing of the vast majority ofnicroscopy as nuclear speckles (Lamond and Spector, 2003).
pre-mRNAs by assembling the primary transcript into arhe speckled pattern is superimposed onto a diffuse
catalytically active complex, the spliceosome (Will andnucleoplasmic staining, probably representing sSnRNPs actively
Lihrmann, 1997; Nilsen, 1998). Each snRNP consists of #volved in the splicing of nascent transcripts. A smaller
uridine-rich small nuclear RNA (snRNA) and seven commorfraction of snRNAs, Sm proteins and some particle-specific
(Sm) proteins (B/B D1, D2, D3, E, F and G) or, in the case proteins are also found in Cajal bodies (CBs). In contrast,
of the U6 snRNP, seven Sm-like (Lsm) proteins. The majoritgplicing factors that are not associated with any snRNP are
of the U4 and U6 snRNAs are found in one particle, the U4/U@xcluded from these structures (Matera, 1999; Gall, 2000; Ogg
snRNP, which associates with the U5 snRNP to function i@nd Lamond, 2002). CBs are present in varying number and
splicing. In addition to the Sm and Lsm proteins, each snRNBize in many but not all animal and plant cells and are dynamic
contains particle-specific proteins. structures that assemble and disassemble during the cell cycle
Maturation of the mammalian Sm-type snRNPs involves th@nd move within the nucleus. Apart from snRNP components
export of snRNAs to the cytoplasm and re-import of coreéand p80 coilin, an unambiguous marker for CBs, these
snRNPs into the nucleus (Will and Lihrmann, 2001). U1, U2structures contain nucleolar factors including small nucleolar
U4 and U5 snRNAs are transcribed by RNA polymerase Il antsno) RNPs, components of the basal transcription machinery
acquire a monomethylated’@ cap. Upon export of newly and cell cycle factors. In addition, CBs associate with specific
synthesized snRNAs to the cytoplasm, the Sm proteins interagene loci, such as histone and U2 snRNP gene clusters. Thus,
with the conserved Sm binding site. This process is facilitatetbles for CBs in transport, regulation of gene expression and
by a protein complex containing the survival of motor neuronsissembly of macromolecular complexes have been proposed.
(SMN) protein implicated in spinal muscular atrophy (Paushkin A function for CBs in the biogenesis of SnRNPs is supported
et al., 2002). The association of Sm proteins with a given snRNBy several recent studies. First, upon import into the nucleus,
is a prerequisite for' nd trimming and hypermethylation of the newly formed U snRNPs pass through CBs and only later
cap generating the characteristic B1322G (Will and  accumulate in speckles, but following mitosis, SnRNPs localize
Lihrmann, 2001). The Sm domain and thgGntap form a to speckles immediately (Sleeman and Lamond, 1999;
bipartite nuclear localization signal (NLS) that is required for reSleeman et al., 2001; Ogg and Lamond, 2002). Second,
import of the newly assembled core snRNPs into the nucleusproteins that promote the assembly of the U4/U6 and
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U4/U6.U5 snRNPs are enriched in CBs (Makarova et al., 2002ther hand, SF3b125 and hPrp5p (a 17S U2 protein absent
Stanek et al., 2003). Third, the snRNAs of fully maturedfrom purified SF3b) are not only detected in speckles, but also
snRNPs contain numerous base and sugar modifications, whichCBs, and functions for these proteins in the final maturation
are guided by CB-specific small RNAs containing sequencesf the U2 snRNP have been proposed (Will et al., 2002).
complementary to conserved sites &fC2methylation and A previous structure-function analysis demonstrated that the
pseudouridylation in the snRNAs (Kiss, 2001; Carmo-Fonsec#@y-terminal portions of SF3a60 and SF3a66 are required for
2002). These modifications are introduced into snRNAs in CBmiteraction with SF3al20 and formation of the SF3a
(Jady et al., 2003). heterotrimer (Nesic and Kramer, 2001). Additionally, the zinc
Binding of snRNP-specific proteins is required for thefinger domains of SF3a60 and SF3a66 were found to be
production of mature snRNPs that are active in splicingndispensable for the incorporation of SF3a into the U2 snRNP.
(Kramer, 1996; Will and Lihrmann, 2001). Unlike other stagedVith this information at hand, we analysed the contribution of
in snRNP biogenesis, the cellular site(s) of this event and tithese domains to the intracellular localization of SF3a60 and
timing with respect to other maturation steps are unknowrSF3a66. We show here that sequences in SF3a60 and SF3a66
Several Ul-specific proteins and the U2-specificadd B' required for the binding to SF3a120 target the proteins to the
proteins are transported into the nucleus independently of theiucleus and that nuclear import of SF3a60 and SF3a66 is
cognate snRNAs (Feeney and Zieve, 1990; Jantsch and Galidependent of an association with the U2 snRNP. Moreover,
1992; Kambach and Mattaj, 1992; Kambach and Mattaj, 1994jeletion of the zinc finger domains of SF3a60 and SF3a66
Romac et al., 1994; Hetzer and Mattaj, 2000), implying thakeads to an accumulation of the proteins in CBs, accompanied
the final assembly occurs after import of the core snRNPs intay their depletion from nuclear speckles, supporting a role for
the nucleus. Moreover, modification of the U2 snRNA isCBs in the final steps of U2 snRNP biogenesis. Finally, our
required for the binding of several U2-specific proteins indata suggest that a highly conserved region in SF3a60
Xenopusoocytes (Yu et al., 1998; Zhao and Yu, 2004). Givercontributes to a speckled localization.
recent evidence that snRNAs are modified in CBs (Jady et al.,
2003), it is conceivable that particle-specific proteins associate
with the core snRNPs either during or after their passag®iaterials and Methods

through the CBs. o Cloning procedures

In the pres_e_nt StUdY we haV(_e analyzed. the Iocz_illzatlon Of_ e coding sequence of GFP carrying a S65T mutation was inserted
snRNP—spemﬂc_protems to gain fur'gher information regz_ardlngnto the ECORI site of pSG5 (Stratagene) containing a modified
the final steps in snRNP biogenesis. The U2 snRNP is welultiple cloning site, thus generating vector pSG5-GFP. The coding
suited for such analysis because the localization of the cosgquences of the SF3a subunits and truncated derivatives (except for
components is known; many, if not all, U2-specific proteinsgGFP-3a60-C3 and C4) were cloned into the Klenow-trepet site
have been identified; and the assembly of the mature U2 snRNP pSG5-GFP. Full-length sequences of the SF3a subunits were
has been established biochemically. The mature 17S U2 snRN#efived from the original cDNA clones in pBluescript with
which is active in splicing, consists of the U2 snRNA, the SnfPpropriate restriction enzymes (Kramer et al., 1994; Kramer et al.,
prtein, the U2 specifc profeinsand B and spicing factors 295 et and Kimer 2001 nseis o SF 36 protene it v
glr:os;,? ;”gl S',iggs(gegggi ftetag’l 151’8385 ng&%”igéa;elgg esic and Kramer, 2001). The inserts of GFP-3aB0-andASAP

v ' " y X . correspond to 3a604 andAl, respectively, of Nesic and Kramer

stably associated with the core U2 snRNP in a 12S particlgyesic and Kramer, 2001). 3a60-C3 and C4 were derived from 3a60-
whereas SF3a and SF3b are bound to the U2 snRNP inff in pSG5-GFP by restriction enzyme digestion and insertion into
salt-labile fashion. In vitro, the mature U2 snRNP can behe Klenow-treatedkpnl site of pEGFP-C1 (Clontech).
reconstituted from purified components in a two-step pathway. The insert encoding 3a66-N (termed 3a66-C2) (Nesic and Kramer,
Binding of SF3b to the 12S U2 generates an intermediatg001) was cleaved from pSG5-GFP-3a66-FL by digestion with
particle of 15S, and further association of SF3a results in thgamHl and Stu, followed by Klenow treatment and cloning into the
formation of the functional 17S U2 snRNP (Brosi et al., 1993aKlenow-treatedKpnl site of pSG5-GFP. The inserts encoding 3a66-
Kramer et al., 1999). SF3a consists of three subunits (SF3a ,égg‘r’:s\l]’esr'g dtgrriye%dfrgrisgl_:NaQBgel%sjrccgrr:gtrﬁtin\:v?trﬁ efpor?r%))pr;r;g
SF3a6_6 anc_i SF3a12Q) (Brosi et al,, 19_93b.).’ whereas SF striction enzymes and cloned into pSG5-GFP as above. Correct
comprises eight subunits (Das et al., 1999; Kramer et al., 199

. o S o oning was verified by restriction analysis and DNA sequencing. In
Will etal., 2001; Will et al., 2002). Inmunoaffinity-purified 17S aqgition, proteins translated in vitro from pSG5-GFP plasmids

U2 snRNP contains several additional proteins that are n@iigrated in SDS polyacrylamide gels with the expected sizes.
present in SF3a or SF3b; one SF3b protein, SF3b125, is absernthe plasmid for expression of GFP-tagged estrogen receptor was a
from the 17S U2 snRNP (Will et al., 2002). gift from Didier Picard.

Components of the 12S U2 snRNP are distributed in
speckles and in the nucleoplasm and are also enriched | . .
CBs (Lamond and Carmo-Fonseca, 1993; Spector, 1993). ﬁg:ls::l:ljlrsevs::et;?Qiﬁ:strigifsg;gz in minimum essential medium
%%’g;as;hzgﬂﬁ:ggr;gteg%glo%por:‘:v”ets géetze é’;secttjezds?r?'\{ﬁ%ﬁplemented with 2 mM L-glutamine, 10% FCS and 50 IU/ml

- : icillin and 50 mg/ml streptomycin (GIBCO). For localisation
nucleoplasm and in speckles, but neither SF3al20 n‘g{udies cells were transfected at a confluency of ~50% by calcium

SF3b155 were found to accumulate in CBs (Chiara et al., 1998j5sphate precipitation (Sambrook et al., 1989) and analyzed 48
Hong et al., 1997; Schmidt-Zachmann et al., 1998; Eilbrachiours after transfection. Cells used for the experiment shown in Fig.

and Schmidt-Zachmann, 2001; Will et al., 2002). This suggests and for immunoprecipitation were transfected by electroporation
that CB-associated U2 snRNPs are not fully matured. On thes described in the Easyject Plus (Equibio) manual.
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Immunoprecipitation objective. Images were taken at 181@35 pixels with a cooled
Small-scale nuclear extracts (Kramer and Keller, 1990) were preparéfiarge-coupled device camera (model CH250, Photometrics). FITC
from Hela cells transfected with GFP-3a60-FL, GFP-3a66-FL, GFPand rhodamine channels were recorded individually with the software
3a120-FL, GFP-3a@(n and GFP-3a68Zn 48 hours post- package IPLab spectrum V2.3 (Signal Analytics) and processed with
transfection. Aliquots (4Qug of total protein in 10Qul 20 mM Adobe Photoshop.S.O (_Adobe system). Pseudo-coloured .images of the
HEPES-KOH, pH 7.9, 20% glycerol, 0.1 M KCI, 0.2 mM EDTA and FITC and rhodamine signals were generated and superimposed. The
0.5 mM dithiothreitol) were pre-cleared by binding toj8Protein ~ images shown in Fig. 7D were obtained with & B%anapo objective
G-Sepharose (Amersham) for 2 hours at 4°C, followed by overnightnd taken at 1361036 pixels with a Retiga EX camera (Q Imaging).
incubation at 4°C with 25l Protein G-Sepharose-coupled anti-GFP FITC, rhodamine and UV cannels were recorded with Openlab
(Molecular Probes). The beads were washed seven times in 1 ml §eftware (Improvision) and processed with Adobe Photoshop 7.0.
mM Tris-HCI, pH 7.9, 150 mM NacCl, 0.05% Nonidet-P40 and 0.5

mM dithiothreitol and bound material was eluted withSDS sample Results

buffer. Proteins were separated in a 10% SDS polyacrylamide gel . o

transferred to nitrocellulose (Kyhse-Anderson, 1984), and detectdandogenous SF3a subunits colocalize in nuclear

with anti-3a66, anti-3a120, anti-3a60 (see below) and guinea pig anspeckles and the nucleoplasm, but are excluded from

3b155 (Schmidt-Zachmann et al., 1998), appropriate secondafgBs

antibodies and the Supersignal kit (Pierce). The same membrane Wagmponents of the 12S U2 snRNP, i.e. the U2 snRNA, the Sm
used for all antibodies, which were stripped from the membrane b% ’ r

. ; . ) . . roteins and the U2 snRNP-specific protein's ahd B,
kré?ggag)lon for 5 minutes in 0.2 M NaOH and 15 minutes in Ponceaup -0t nuclear speckles and CBs (Lamond and Carmo-

Fonseca, 1993; Spector, 1993). It has previously been reported
that SF3a60 and SF3a66 are present in speckles, however their
Indirect immunofluorescence and in situ hybridization presence in CBs was not directly assessed (Chiara et al., 1994;
Cells grown on 10-mm square glass coverslips were washed twice Mong et al., 1997). Will et al. (Will et al., 2002) did not detect
PBS and permeabilized with 0.5% Triton X-100 in CSK buffer (100SF3a120 in CBs, although it is an integral component of the
mM NaCl, 300 mM sucrose, 10 mM PIPES, 3 mM Mgdl mM  matyre and splicing-competent 17S U2 snRNP (Brosi et al.,
EGTA, pH 6.8) (Fey et al,, 1986) for 1 minute on ice, fixed in 3.7%; 9935 Nesic and Kramer, 2001). To test whether SF3a60 and
formaldehyde in CSK buffer for 15 minutes at room temperature an%FSaéG were similarly unaerrepresented in CBs we performed

rinsed with PBS. Cells expressing GFP-tagged proteins were fixed | . .
methanol at -2 for 4 minutes. This protocol allowed for better immunofluorescence studies of Hel.a cells. In agreement with

resolution of nuclear structures probably owing to an extraction of1€ Previously reported distribution, the antibodies used in our
loosely bound GFP-tagged proteins. study detected all SF3a subunits in the nucleus with exclusion
For immunofluorescence, cells were incubated for 20 minutes witaf the nucleoli (Fig. 1A,B). Prominent staining of irregularly
primary antibodies diluted in PBS, washed three times for 5 minuteshaped structures resembling nuclear speckles was
each in PBS and incubated for 20 minutes with appropriate secondaszcompanied by diffuse nucleoplasmic staining. The enhanced
antibodies conjugated to FITC or rhodamine. The cells were washaglicleoplasmic staining with anti-SF3a60 and anti-SF3a120
three times for 5 minutes each in PBS and mounted in Mowiol. Ce”éompared to anti-SF3a66 may be caused by the polyclonal
Shg""” in Foilg. D ‘t’frg.i”c“bg‘teﬁ for ?1(.) mi””ée.s eabCht.Withtp”ma%ature of these antibodies. All subunits colocalized in the
and secondary antibodies and all washing and incubation steps wi ;
performed in PBS containing 0.2% Nonidet-P40. The followinges'rgme nuclear St.ruc.tu.res as evident from comp_uter-generated
overlays of the individual images (Fig. 1A,B, right panels).

primary antibodies were used: rabbit anti-SF3a60 (Kramer et al; L . . -
1994),” monoclonal anti-SF3a66 (Brosi et al., 1993b), rabbit antiCounterstaining of cells with anti-SF3a60 and an antibody

SF3al20 (Kramer et al., 1995), monoclonal anti-SC35 (Fu anddainst SC35, a splicing protein with an almost exclusively
Maniatis, 1990), monoclonal anti-Sm (Y12) (Lerner et al., 1981)speckled localization (Fu and Maniatis, 1990; Spector et al.,
monoclonal anti-U2B (4G3) (Habets et al., 1989), rabbit anti-p80- 1991), confirmed that the bright structures decorated by anti-
coilin (Bohmann et al., 1995) and mouse anti-p80-coilin (Almeida eSF3a antibodies represent nuclear speckles (Fig. 1C). Double
al., 1998). S . _immunofluorescence with anti-SF3a66 and anti-p80-coilin
In situ hybridization was performed essentially as describedhowed the typical speckled pattern for SF3a66, whereas p80-
(Carmo-Fonseca et al., 1991). Cells grown on coverslips were Wash%%ilin was restricted to CBs, which appeared green in the
in 6x SSPE (Sambrook et al., 1989) and incubated for 15 minutes wit erlay (Fig. 1D). Thus, similar to SF3al120, SF3a66 appears

0.5 pg/ul yeast tRNA in & SSPE and % Denhardt's solution, . o
followed by incubation for 5 minutes in the same buffer supplemente be absent from CBs. Comparison of the distribution of

with 0.1 pmol of a biotinylated oligoribonucleotide complementary to>F3a60 and U2B(or Sm proteins) revealed colocalization in
the 5 end of U2 snRNA (Carmo-Fonseca et al., 1991). The cells wergPeckles, but SF3a60 was not detected in CBs, which were
washed three times for 15 minutes i $SPE at room temperature decorated by anti-UZBand appeared red in the computer-
and rinsed twice for 5 minutes in avidin wash buffer (20 mM HEPESgenerated overlay (Fig. 1E; data not shown). Identical results
KOH, pH 7.9, 150 mM KClI, 0.05% Tween 20). Subsequently, cellsvere obtained with combinations of anti-SF3a120 and anti-Sm
were incubated for 5 minutes with streptavidin-conjugated FITGantibodies (data not shown). Finally, the localization of SF3a66
(Vector) in freshly prepared 20 mM HEPES-KOH, pH 7.9, 250 mMyyas compared with that of U2 snRNA, which was visualized
1,02 M OT1 19 S5, e el e vt e iy s ybrcizaton of Hea clswith  complmentay
: . I - o .2'-OMe oligoribonucleotide. sh was detected in
incubated with antibodies as described above and mounted in MOWIOi'peckleS and CBs, whereas SF3a66 was excluded from CBs,
evident from the red staining of the CBs in the overlay of the
Fluorescence microscopy two images (Fig. 1F). Similarly, SF3a60 and SF3al20
Fluorescence microscopy was performed with a Zeiss inverte@iolocalized with U2 snRNA in speckles but not in CBs (data
fluorescence microscope (Axiovert TV 135) using axl@lanapo  not shown). Together these results demonstrate that the SF3a
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subunits, like other non-snRNP splicing factors, localize tde excluded, because anti-SF3a antibodies readily detect

nuclear speckles and exhibit a diffuse distribution in theoverexpressed SF3a subunits that accumulate in these

nucleoplasm but cannot be detected in CBs. The possibility thatructures (data not shown; see below). Together, these results

the epitopes of the SF3a subunits are not accessible in CBs arggest that the majority of the U2 snRNPs present in CBs are
not associated with SF3a and thus are not fully matured.

Transiently expressed SF3a subunits are present in
nuclear speckles, but also accumulate in CBs

To study sequences that contribute to the proper nuclear
localization of SF3a60 and SF3a66, we transiently expressed
individual SF3a subunits as fusions to the green-fluorescent
protein (GFP) in HelLa cells and monitored their localization
by fluorescence of GFP. We had previously shown that
glutathione S-transferase- or kisgged SF3a proteins
interacted with one another, and &lfagged subunits bound to
the 15S U2 snRNP in vitro (Nesic and Kramer, 2001). To
ensure that the corresponding interactions in vivo were not
impaired by the GFP tag, individual GFP-tagged SF3a subunits
were transiently expressed in HelLa cells. Small-scale
nuclear extracts were prepared 48 hours post-transfection.
Immunoprecipitation with an anti-GFP antibody followed by
western blotting with anti-SF3a antibodies revealed that GFP-
tagged full-length SF3a subunits or GFP-tagged SF3a60 and
SF3a66 with zinc finger domain deletions associated with the

P
)
of oF
A
died _ GFP-3a60-FL
' GFP-3a60AZn
5 — SF3a60
B
i _ GFP-3a66-FL
: GFP-3a66AZn
66 — SF3a66
C 200
— GFP-3a120-FL
116 — — SF3a120
97.4 —
D —
200 — SF3b155
116 —
97.4 —

Fig. 1. Comparison of the localization of endogenous SF3a subunitsFig. 2. Analysis of interactions of GFP-tagged SF3a subunits with

with other splicing components. (A-E) HelLa cells were endogenous subunits and the 15S U2 snRNP. (A-D) HelLa cells were
permeabilized with Triton X-100, fixed with paraformaldehyde and transiently transfected with plasmids encoding full-length GFP-
treated with antibodies against the following proteins: (A) SF3a60 tagged SF3a subunits (FL) or GFP-SF3a60 and GFP-SF3a66 deleted
and SF3a66; (B) SF3a66 and SF3al120; (C) SF3a60 and SC35; (D)for their zinc finger domain€\Zn) as indicated above the figure.

p80-coailin and SF3a66; (E) SF3a60 and U2 @) Cells were SF3a complexes were precipitated from small-scale nuclear extracts
hybridized with a 20-methyl oligoribonucleotide complementary to prepared 48 hours post-transfection with Protein G-Sepharose-
U2 snRNA and immunostained with an anti-SF3a66 antibody. coupled anti-GFP (lanes 2-6). Bound proteins were analysed by

Images shown in all left panels were obtained after staining with  western blotting for the presence of SF3a60 (A), SF3a66 (B),
FITC-coupled secondary antibodies. Images shown in middle panel$F3a120 (C) and SF3b155 (D). Lane 1 shows the extract prepared
were stained with rhodamine-coupled secondary antibodies. The from cells overexpressing GFP-3al120-FL as an example for the input
right panels show computer-generated overlays of the two images. of the immunoprecipitation reactions. Lane 7 shows the same extract
CBs appear in green in panel (D), and red in panels (E) and (F). treated with Protein G-Sepharose in the absence of anti-GFP.
Arrows in (E) and (F) indicate the absence (left panels) or presencePositions of precipitated proteins are indicated on the right. The
(middle and right panels) of CBs. Bar, 1. migration of molecular mass standards (in kDa) is shown on the left.
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Fig. 3.Localization of transiently expressed
SF3a subunits fused to GFP in live cells.
Hela cells were transiently transfected with
plasmids encoding GFP, GFP-ER and SF3a
subunits fused to GFP as indicated.
Fluorescence was monitored in living cells.
— The arrows point to bright foci. Bar, 10n.

remaining two endogenous subunits (Fig. 2, lanes 2-6kupports the accumulation of overexpressed SF3a subunits in
Importantly, the anti-GFP antibody did not precipitate thethese structures. To exclude the possibility that the presence of
endogenous counterparts of the transiently expressed proteittse GFP tag caused an accumulation of the GFP-tagged SF3a
demonstrating that the co-precipitated, endogenous SF3abunits in CBs, full-length SF3a60 without a tag was
subunits are exclusively bound to the GFP-tagged proteinfansiently expressed in HelLa cells. The distribution of
SF3b155, a component of SF3b (that binds to the U2 snRNghdogenous and transiently expressed proteins was monitored
prior to SF3a, but does not interact with SF3a in the absenedth anti-SF3a60 and compared with the localization of
of the U2 snRNP) (Kramer et al., 1999), co-precipitated witt5C35, p80-coilin, Sm proteins and U2Bn contrast to the
full-length GFP-SF3a subunits, indicating that these proteingesults presented in Fig. 1, where anti-SF3a60 detected the
also interact with the 15S U2 snRNP (lanes 2-4). In contrasgndogenous protein in speckles and the nucleoplasm, CBs were
SF3b155 is not precipitated after expression of GFP-taggedearly decorated upon overexpression of SF3a60 (data not
SF3a60 and SF3a66 lacking the zinc finger domains that are
essential for incorporation of SF3a into the mature U2 snRN
(lanes 5 and 6). The rather low amount of co-precipitate
SF3b155 is probably caused by a slightly increased se
concentration and the presence of detergent during the washi
procedure, which may contribute to a partial dissociation o
SF3a from the U2 snRNP (Kramer et al., 1999). Together, the:
results demonstrate that the GFP tag does not interfere wi
interactions between the SF3a subunits or with the binding «
SF3a to the 15S U2 snRNP in vivo. Moreover, the GFP ta
probably does not affect the movement of the SF3a subuni
in the nucleus, because GFP-SF3a subunits responded
transcription inhibition similar to other splicing factors
(Lamond and Spector, 2003) (data not shown).

We next tested whether the full-length, GFP-tagged SF3
subunits localized to the same structures as the endogenc
proteins. GFP or GFP fused to the estrogen receptor (GFP-E
were expressed as controls (Fig. 3). GFP was distribute
throughout the cell, whereas GFP-ER was confined to th
nucleus consistent with previous reports (Picard et al., 199C
The GFP-tagged SF3a subunits were present in brigk
irregularly shaped structures resembling nuclear speckles a
showed a diffuse nucleoplasmic distribution, similar to the
results obtained by immunofluorescence (Fig. 1). In som
images bright foci were observed (indicated by arrows in Fic [ -’/
3) and high levels of expression sometimes caused we: g ';'
cytoplasmic fluorescence. " .‘E& .

A localization of transiently expressed GFP-SF3a subunit [t A
in speckles was confirmed by counterstaining of transfecte [FS3 e coilin
Hela cells with anti-SC35 after fixation in cold methanol to
remove proteins that are not tightly associated with nucleatig. 4. Presence of transiently expressed GFP-3a60 and GFP-3a66 in
structures (Fig. 4A,C; data not shown). To examine whethetuclear speckles and CBs. (A-D) The localization of transiently
the bright foci occasionally observed after transient expressigxpressed GFP-3a60 and GFP-3a66 was analyzed after fixation of
of GFP-SF3a subunits represented CBs, HelLa cells transfectdgla cells in cold methanol. The left panels show the fluorescence
with GFP-3a60 and GFP-3a66 were stained with anti-pg(Rf GFP-3a60 (A and B) and GFP-3a66 (C and D). Images in the
coilin, anti-Sm and anti-U2B The foci decorated by these middle panels were obta_lned after |mmunosta|n|ng_ with anti-SC35
antibodies corresponded to GFP fluorescence in the sarffe@nd C) or anti-p80-coilin (B and D) and rhodamine-coupled

Jor .~~~ secondary antibodies. The right panels represent computer-generated
structures, confirming the presence of GFP-SF3a prOte'nS. HQ/erIays of the images shown on the left and in the middle.

CBs (Fig. 4B,D; data not shown). In addition, bright focicggcalization of GEP-3a60 and GFP-3a66 with p80-coilin in CBs
containing GFP-3a60 or GFP-3a66 were not stained by anfindicated by arrows) appears in yellow in (B) and (D). CBs stained
SC35 (Fig. 4A,C). As SC35 has not been found in CBs (Fby GFP-3a60 and GFP-3a66 but not by SC35 appear green in the
and Maniatis, 1990; Spector et al., 1991), this result furthesverlays in (A) and (C). Bar, J0m.
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shown). Together, these results show that although transientlye contribution of these domains to the intracellular
expressed SF3a subunits localize to nuclear speckles similarlazalization of SF3a60, cDNAs encoding GFP-tagged
their endogenous counterparts, overexpression of the proteitrsncated or internally deleted versions of SF3a60 (Fig. 5A)
can lead to an accumulation in CBs. were transiently transfected into HelLa cells. Protein

localization was analyzed by fluorescence in living cells (Fig.

) ) _ 5B) and, for a more detailed analysis of an association with
The N-terminal portion of SF3a60 is necessary for

localization in nuclear speckles and deletion of the zinc
finger domain results in an accumulation in CBs

Our previous results indicated that the N terminus of SF3a€
mediates the interaction with SF3a120, a C-terminal zinc finge
domain is required for incorporation into the 17S U2 snRNF
and both regions are necessary for the function of SF3a60
pre-spliceosome assembly (Nesic and Kramer, 2001). To te

3a60-N1

A Zine rinager
3a120 ID SAP 408-431
11-107 241291 a78-407

FL (1-501) [
N1 (11-501) (|
N2 (35-501) [
YO TN o v —|l ] B
C4 (1-399) |
AsAP (8241-202) [T
AZn (A378-431) [ [N

B

3a60-N1 3a60-N2

3a60-C4 3a60-C3

3a60-ASAP Fig. 6. Comparison of the distribution of transiently expressed GFP-
3a60 proteins with SC35 and p80-coilin in fixed cells. (A-H) HeLa
Fig. 5. Analysis of domains in SF3a60 required for nuclear and cells were transiently transfected with plasmids encoding GFP (A),

subnuclear localization in live cells. (A) Schematic representation of GFP-3a60-FL (B), GFP-3a60-N1 (C), GFP-3a60-C4 (D), GFP-3a60-
recombinant SF3a60 proteins fused to GFP. Amino acids present inC3 (E), GFP-3a6@Zn (F and G) and GFP-3a@&®AP (H). Cells

or deleted from the recombinant proteins are given in parentheses were fixed in cold methanol and immunostained with anti-p80-coilin
after the names of the proteins. Conserved regions are indicated (D and G) or anti-SC35 (E, F and H). The images in (A-C) and the
above the diagram and numbered according to the amino acids in left panels of (D-H) show fluorescence of GFP. The middle panels of
full-length SF3a60. (B) GFP-3a60 proteins with N- or C-terminal or (D-H) show immunolocalization of p80-coilin or SC35, and the right
internal deletions (as indicated) were transiently expressed in HeLapanels represent computer-generated overlays of the two images.
cells. Fluorescence was monitored in live cells. Bayrh0 Bar, 10pum.
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particular nuclear structures, after fixation of transfected cell ; Zine finger GVHPPAP,,
in methanol (Fig. 6). Deletion of the N-terminal 10 or 34 aminc 56.78 286-440
acids of SF3a60 (GFP-3a60-N1 and N2, respectively) resulterL (1-464) [ ||

in a complete loss of nuclear localization (Fig. 5B, Fig. 6C)N(1_253] [ =
indicating an essential function of the SF3a60 N terminus i
nuclear targeting. C (258-464)
GFP-3a60-C4 lacking 102 C-terminal amino acids wayz, (as4-78)] 1
evenly distributed throughout the nucleoplasm of living HelLe
cells but also accumulated in a few bright foci (Fig. 5B).
In methanol-fixed cells a speckled nuclear distribution B
comparable to that of transiently expressed full-length SF3at
was barely detectable (cf. Fig. 6B,D). The relatively diffuse
nuclear signal of GFP-3a60-C4 was, however, clearly differer
from the residual nuclear staining of transiently expresse
GFP (Fig. 6A). Counterstaining with anti-p80-coilin identified
the bright foci as CBs (Fig. 6D). In addition, a faint
cytoplasmic signal of GFP-3a60-C4 was observed in image
of fixed cells. Further deletion of C-terminal sequences (GFF
3a60-C3) resulted in diffuse nuclear and increase:
cytoplasmic fluorescence in living cells and, compared tt
GFP-3a60-C4, the enrichment in bright foci was lost (Fig
5B). In methanol-fixed cells GFP-3a60-C3 was never detecte
in bright foci and the nuclear signal varied from diffuse to ¢
low degree of residual staining in speckles (Fig. 6E; data nc
shown). SF3a60-C4 and C3 lack the zinc finger domain thi
is required for U2 snRNP binding (Nesic and Kréamer, 2001)
We therefore questioned whether an internal deletion of thi
domain would suffice for the aberrant localization of SF3a60
GFP-3a60AZn displayed a diffuse nucleoplasmic distribution
in living cells and accumulated in several bright foci (Fig. 5B).
In fixed cells, the fluorescence in nuclear speckles wa
reduced to background levels when compared with th
immunostaining by anti-SC35 (Fig. 6F), whereas the protei
was clearly present in CBs, as shown by counterstaining wit
anti-p80-coilin (Fig. 6G). Thus, deletion of the zinc finger
domain appears to be responsible for the accumulation
SF3a60 in CBs and a concomitant depletion of the protei
from nuclear speckles.
| Vll/e also _testedlthe Iocallzatlohn Of.GFhP'ﬁ?SQP’ Wh'Chd Fig. 7. Analysis of domains in SF3a66 required for nuclear and
acks an internal sequence that Is highly conserved 1§, clear localization. (A) Schematic representation of recombinant
metazoan SF3a60 and shows similarity to the SAF-A/Bgrsages proteins fused to GFP. Amino acids present in, or deleted
Acinus and PIAS (SAP) motif (Aravind and Koonin, 2000). from the recombinant proteins are given in parentheses after the
Our previous analysis did not reveal any function for thishnames of the proteins. Conserved regions are indicated above the
sequence (Nesic and Kramer, 2001), but given its high leveliagram and numbered according to the amino acids in full-length
of conservation it was of interest to test whether the SAP motBF3a66. (B) GFP-tagged 3a66-N, -C afdr were transiently
might play a role in the localization of SF3a60. Indeedgxpressed in Hela cells and visualized by fluorescence in living
although GFP-3a8BAP was mainly nucleoplasmic in living cells. (C) HeLa cells were transiently transfected with plasmids

; ; : ncoding GFP-SF3a66 proteins as indicated. Fluorescence was
cells (Fig. 5B), analysis of fixed cells revealed a IFecjuce%ﬁnitored after fixation of cells with cold methanol. Cells in (d)

GFP-3a66-N

coilin

ﬂl.mrescence in nuplear . S.peCkles and a more pronounc re immunostained with anti-p80-coilin (middle panel); the right
dl_ffuse nucleoplasmic staining compared to GFP-3a60-FL (¢ anel represents the computer-generated overlay. (D) HelLa cells
Fig. 6H,B). o ) were transiently transfected with GFP-3a88. Proteins (as

In summary, these results indicate that the N terminus Gfidicated) were visualised after fixation of cells with cold methanol.
SF3a60 is essential for nuclear targeting. Sequences locatedsa&Ba60 was visualised by immunofluorescence with anti-3a60 and
the C terminus may contribute to nuclear localization, becaus&CA-coupled anti-rabbit antibodies, p80-coilin with a mouse anti-
we consistently observed some cytoplasmic staining of SF3a@80-coilin and Texas Red-coupled anti-mouse antibodies. Arrows
with C-terminal deletions. However, the cytoplasmic staining?oint to CBs. Bar, 1am.
could also be caused by a high overexpression of the proteins.
In addition, C-terminal sequences are essential for SF3a60
localization in speckles. Most importantly, deletion of the zindmpaired in binding to the U2 snRNP, localizes aberrantly in
finger domain resulted in an accumulation of the protein in CBthe nucleus. Finally, the SAP motif appears to contribute to a
and a depletion from nuclear speckles. Thus, SF3a60, whichspeckled localization of SF3a60.
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The N-terminal half of SF3a66 is necessary and endogenous SF3a subunits concentrate in CBs in cells
sufficient for nuclear targeting, and deletion of the zinc expressing GFP-3a&&Zn. Together with the observation that
finger domain causes an accumulation in CBs GFP-3a66AZn binds to endogenous SF3a60 and SF3al20

Our previous results indicated that the N-terminal half ofFig. 2), this result demonstrates that it is the SF3a heterotrimer
SF3a66 is sufficient for interaction with SF3a120, assembly adind not only the overexpressed protein that is retained in CBs,
the 17S U2 snRNP and pre-spliceosome formation, whereaghen binding to the U2 snRNP is compromised. Thus, the zinc
the C-terminal half, consisting of 22 heptad repeats, ifinger domains in both SF3a60 and SF3a66 play a major role
dispensable for these functions (Nesic and Kramer, 2001). in targeting SF3a to its proper intranuclear location.
addition, a zinc finger domain close to the N-terminus of the
protein is required for the incorporation of SF3a66 into the U2 ]
snRNP but not for binding to SF3a120. Discussion

To test which sequences in SF3a66 are necessary for profdre three SF3a subunits are essential for the conversion in vitro
intracellular localization, HelLa cells were transfected withof an intermediate 15S U2 snRNP into the 17S patrticle active
plasmids encoding the N- and C-terminal halves of SF3a6@ splicing (Behrens et al., 1993a; Brosi et al., 1993a; Kramer
(GFP-3a66-N and -C, respectively) or with SF3a66 lacking thet al., 1999). To complement our previous structure-function
zinc finger domain (GFP-3a@&n; Fig. 7A). In images of analysis of SF3a60 and SF3a66 (Nesic and Kramer, 2001), we
live cells GFP-3a66-N was exclusively nuclear (Fig. 7B).have now identified domains that mediate the proper
Immunostaining of methanol-fixed cells confirmed that thdocalization of these proteins in HelLa cells.
protein colocalized with SC35, indicating that the N-terminal
half of SF3a66 is sufficient for targeting to nuclear speckles )
(Fig. 7C; data not shown). Similar to the transiently expressednport of SF3a into the nucleus
full-length protein, GFP-3a66-N also accumulated in severgbF3a60 proteins with deletions of 10 or 34 N-terminal amino
bright foci in some experiments (cf. Fig. 3, Fig. 7B). GFP-acids were excluded from nuclei, indicating that sequences at
3a66-C was evenly distributed throughout the cell, which wathe N terminus of SF3a60 are essential for nuclear targeting.
evident both in live and fixed cells (Fig. 7B,C). No preferencéAlthough the N-terminal 26 amino acids (of the sequence
for any cellular structure was apparent in fixed cells and thMIETILEQQRRYHEEKERLMDVMAKEM) are  highly
overall fluorescence was somewhat decreased (panel c), simitamserved during evolution, this region does not contain
to the fluorescence of GFP alone (cf. Fig. 6A). The unifornsequences resembling known NLSs, such as the classical basic
distribution of GFP-3a66-C throughout the cell could inSV40-type or bipartite NLSs, the glycine-rich M9 domain of
principle be due to B, of 52,000 for the fusion protein, which hnRNP Al, the KNS domain of hnRNP K, basic NLSs in
is below the limit of ~60 kDa for diffusion through nuclear several ribosomal proteins or histone H1, NLSs in the viral M
pores (Gorlich and Kutay, 1999). On the other handMhef  protein, and unusual NLSs in the U1A and UZBoteins (for
GFP-3a66-N is 60,600 but the protein is exclusively nucleag review, see Mattaj and Englmeier, 1998; Hetzer and Mattaj,
indicating that the N-terminal half of SF3a66 harbours &000; Glodowski et al., 2002). Thus, nuclear targeting of
sequence(s) required for nuclear targeting. Deletion of thBF3a60 may rely on a novel type of NLS. On the other hand,
SF3a66 zinc finger domain (GFP-3a®n) led to a diffuse the N terminus of SF3a60 mediates the interaction with
staining in the nucleus, a weak cytoplasmic signal and th8F3a120. The major site for SF3al120 binding in vitro is
appearance of bright foci in living cells (Fig. 7B). In fixed cells,located between amino acids 35 and 107 of SF3a60 and the N-
GFP-3a66AZn appeared to be absent from nuclear speckleserminal 34 amino acids are required for a stable interaction
and immunostaining with anti-p80-coilin confirmed that the(Nesic and Kramer, 2001). Given the correlation between
foci corresponded to CBs (Fig. 7C, panel d). In addition, GFPsequences that mediate SF3al20 binding and nuclear
3a66AZn co-localized with anti-Sm and anti-U2B1 CBs but  localization of SF3a60, an attractive possibility is that SF3a60
not in speckles (data not shown). is targeted to the nucleus in association with SF3a120.

Deletion of the zinc finger domains of SF3a60 and SF3a66 SF3a60 proteins deleted for C-terminal sequences showed
does not abolish their ability to bind SF3al120 (Nesic andarying degrees of cytoplasmic localization (Fig. 5B and Fig.
Kramer, 2001) (Fig. 2). It might therefore be expected tha6). Because overexpression of the full-length proteins also
endogenous subunits accumulate in CBs together wittesulted in a low level of cytoplasmic staining in some
GFP-3a60AZn or GFP-3a6&Zn. When Hela cells were experiments, it is difficult to assess whether the C-terminal
transfected with GFP-3a@&n, not only was this protein sequences contribute to nuclear targeting. However,
detected in CBs, but endogenous SF3a60 (Fig. 7D) armytoplasmic fluorescence was most pronounced and
SF3al20 (data not shown) were also present. The localisatiogproducible for GFP-3a60-C3, the most extensive C-terminal
of SF3a60 to nuclear speckles remained largely unaffectatkletion mutant. Therefore, if C-terminal sequences of SF3a60
when compared to untransfected cells (cf. Fig. 1). are involved in nuclear targeting, these sequences are probably

In conclusion, the N-terminal portion of SF3a66, comprisingocated between residues 324 and 399. We would like to note
all sequences required for SF3a66 function in pre-spliceosontieat all SF3a60 proteins analyzed exhibiting cytoplasmic
assembly (Nesic and Kramer, 2001), is necessary and sufficieiitorescence have sizes above the limit for diffusion through
for correct nuclear distribution. Deletion of the zinc fingernuclear pores (Gorlich and Kutay, 1999), suggesting that these
domain, which is essential for the integration of SF3a66 intproteins do not passively move between the nucleus and the
the 17S U2 snRNP, led to an almost complete depletion of theytoplasm.
protein from nuclear speckles and an accumulation in CBs, The N-terminal half of SF3a66, excluding the zinc finger
similar to that observed with GFP-3aB@n. In addition, domain, is sufficient for nuclear import of the protein. Despite
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an extremely high phylogenetic conservation of the N-termindull-length SF3a subunits in HelLa cells, we sometimes
~220 amino acids, neither this region, nor the remainder of th@bserved an accumulation of the proteins in CBs in addition to
protein contain an identifiable NLS. Thus, similar to SF3a60the typical speckled distribution. The enrichment of the SF3a
nuclear import of SF3a66 may be mediated by an unusual NL&ibunits in CBs was not caused by the presence of the GFP
or SF3a66 also enters the nucleus in association with SF3a128qg, because transiently expressed, untagged SF3a60 was also
Interestingly, we found that SF3al120 deleted for sequencetetected in CBs (data not shown). Similarly, GFP-3a60-C4 and
required for interaction with SF3a60 and SF3a66 was confinedZn as well as GFP-3a@kZn were enriched in CBs, but
to the nucleus (data not shown), suggesting that SF3al2fherwise displayed a diffuse nucleoplasmic distribution
contains a true NLS. Hence, we favour the possibility that thevithout concentration in speckles. In contrast, GFP-3a60-C3
SF3a subunits associate with one another in the cytoplasm adidl not accumulate in CBs, despite an abnormal nuclear
traverse the nuclear pore together. distribution, making it unlikely that overexpression of SF3a60
A comparable example of a splicing factor that is importedbr SF3a66 sequences per se results in an enrichment of the
into the nucleus as a heterodimer is U2AF, consisting of twproteins in CBs. The most likely interpretation of our data is
subunits (U2AE5 and U2APY), each of which contains an that GFP-3a60-C4,AZn and GFP-3a6AZn accumulate in
arginine/serine-rich (RS) domain (Gama-Carvalho et al.CBs due to a failure in associating with the U2 snRNP (Nesic
2001). RS domains have been shown to target proteins to taad Kréamer, 2001), thus blocking further distribution of the
nucleus and to nuclear speckles (Li and Bingham, 1991 groteins to speckles and sites of splicing, which is consistent
Hedley et al.,, 1995; Caceres et al., 1997). Interestinglywith the observation that these proteins do not concentrate in
deletion of the RS domain in either of the U2AF subunits doesuclear speckles. The failure to detect endogenous SF3a
not compromise nuclear localization; however when both RSubunits in CBs in untransfected cells could be explained by
domains are missing, the proteins remain cytoplasmic. Imapid movement of newly matured 17S U2 snRNPs from CBs
addition, upon deletion of the U2AFinteraction domain, to sites of splicing or storage, which is supported by
nuclear import of U2AP> becomes dependent on the presenceomparably short residence times of snRNP components in
of its RS domain. Based on these results it was proposed th@Bs (Dundr et al., 2004). Transiently expressed full-length
the U2AF heterodimer is imported into the nucleus as &F3a subunits would accumulate in CBs if high overexpression
complex, with the RS domains serving as redundant NLSsf the proteins caused an imbalance in the concentration of
(Gama-Carvalho et al., 2001). Other examples of spliceosomahdogenous and transiently expressed SF3a subunits compared
proteins that employ a ‘piggy-back’ mechanism for nucleato the concentration of the 12S U2 snRNP and/or SF3b, which
import are the U2 snRNP-specific protein UZBambach and are both required for the incorporation of SF3a into the 17S
Mattaj, 1994) and the cap binding protein CBP20 (lzaurrald&J2 snRNP (Brosi et al., 1993a; Kramer et al., 1999). Such a
et al., 1995). scenario is underscored by estimates suggesting approximately
Although the signal that targets the SF3a heterotrimer to thequimolar amounts of the U2 snRNP and SF3a in the nucleus
nucleus remains to be identified, our results clearly indicatéBrosi et al., 1993b).
that the association of SF3a60 and SF3a66 with the U2 snRNPTogether, our results strongly implicate CBs in the final steps
is a nuclear event. SF3a60 and SF3a66 proteins deleted fifrU2 snRNP biogenesis. This notion is supported by several
their zinc finger domains, which mediate binding to the UZrevious findings. First, after import from the cytoplasm newly
snRNP (Nesic and Kramer, 2001), are nuclear. Therefore, tlessembled core snRNPs pass through CBs before they are
SF3a subunits are imported into the nucleus independently détected in speckles (Sleeman and Lamond, 1999). Second,
the U2 snRNP, as shown for U2Aand U2B (Kambach among novel constituents of SF3b and the 17S U2 snRNP,
and Mattaj, 1994). Nuclear targeting of Ul snRNP-specifi©iPrp5p was identified as a protein associated with the 17S U2
proteins has also been reported to occur independently of tseaRNP, but absent from SF3b, whereas SF3b125 appears to
interaction with the Ul snRNA (Jantsch and Gall, 1992dissociate from SF3b once the 17S U2 snRNP is formed (Will
Kambach and Mattaj, 1992; Romac et al., 1994). Moreover, agt al., 2002). Both proteins are members of the DEAD box
association of SF3a with SF3b prior to nuclear import idamily of RNA unwindases/RNPases and based on their
unlikely, because SF3a does not interact with SF3b in thdifferential association with SF3b and the 17S U2 snRNP, Will
absence of the U2 snRNP (Kramer et al., 1999). et al. (Will et al., 2002) proposed functions for hPrp5p and
SF3b125 in U2 snRNP maturation. In contrast to the SF3a
) ) ) ) ) subunits and SF3b155, hPrp5p and SF3b125 are not only
Cajal bodies as sites for the final steps in U2 snRNP detected in nuclear speckles but also in CBs. Third, U2 snRNA
maturation modification is a prerequisite for the formation of the 17S U2
All components of the 12S U2 snRNP (U2 snRNA, SmsnRNP inXenopusoocytes (Yu et al., 1998; Zhao and Yu,
proteins, U2Aand U2B') are present in nuclear speckles and2004) and this event takes place in CBs (Jady et al., 2003).
CBs (Lamond and Carmo-Fonseca, 1993; Spector, 1993), The result that GFP-3a60-C3 did not accumulate in CBs was
whereas the SF3a subunits and SF3b155 have only besomewhat unexpected, because, similar to GFP-3a60-C4, it
detected in speckles (Schmidt-Zachmann et al., 1998; Will éacks the zinc finger domain and does not associate with the
al., 2002) (see also our data). The bulk of the SF3a subunit®2 snRNP (Nesic and Kramer, 2001). Fluorescence varied
and SF3b155 are associated with the U2 snRNP in nucleitom a diffuse appearance in the nucleus to very low residual
extracts (Brosi et al., 1993a; Will et al., 2002). This impliesstaining in speckles. A diffuse nuclear localization of GFP-
that the U2 snRNP population in nuclear speckles represera60-C3 could correlate with a loss in the ability of the protein
mature 17S particles, whereas the majority of the U2 snRNRs be targeted to CBs. Indeed, upon nuclear import transiently
in CBs are not fully assembled. Upon transient expression @xpressed Sm proteins are diffusely distributed in the nucleus



4432 Journal of Cell Science 117 (19)

prior to localization in CBs (Sleeman and Lamond, 1999) andravind, L. and Koonin, E. V. (2000). SAP — a putative DNA-binding motif
the same could be true for SF3a. Whether the sequencegwolved in chromosomal organizatiofrends Biochem. Sc25, 112-114.

; ; _ ; hrens, S. E., Galisson, F., Legrain, P. and Luhrmann, R1993a).
encompassing residues 324-399 of SF3a60 could be mVOIVg vidence that the 60-kDa protein of 17S U2 small nuclear ribonucleoprotein

n dlreCtmg SF3a to CBs requires further_ StUdy' . . is immunologically and functionally related to the yeast PRP9 splicing
Our results suggest that the SAP motif may be involved in factor and is required for the efficient formation of prespliceosoRes.

the localization of SF3a60 to nuclear speckles. Deletion of this Natl. Acad. Sci. USA0, 8229-8233. ' )

region caused a partial depletion of the mutant protein froriehrens, S. E., Tyc, K., Kastner, B., Reichelt, J. and Luhrmann, R.

; ; ; : . . (1993b). Small nuclear ribonucleoprotein (RNP) U2 contains numerous
speckles and an increase in diffuse nucleoplasmic Stalnlngadditional proteins and has a bipartite RNP structure under splicing

when compared to GFP-3a60-FL. Interestingly, neither U2 conditionsMol. Cell. Biol. 13, 307-319.
SnNRNP binding nor SF3a60 function in spliceosome assembBohmann, K., Ferreira, J., Santama, N., Weis, K. and Lamond, A. I.
in vitro were affected in SF3a60 lacking the SAP motif (Nesic (1995). Molecular analysis of the coiled bodyCell Sci.19, 107-113.

5 ; ; ; rosi, R., Groning, K., Behrens, S.-E., Luhrmann, R. and Kramer, A.
and Kramer, 2001)' Thus, this region could be rEqUIred tB (1993a). Interaction of mammalian splicing factor SF3a with U2 snRNP and

target the mature U2 snRNP to nuclear speckles. The SAPyg|ation of its 60-kD subunit to yeast PRERience262, 102-105.

motif has been identified in more than 200 proteins wittBrosi, R., Hauri, H. P. and Kramer, A. (1993b). Separation of splicing factor
functions in the regulation of transcription and chromatin SF3 into two components and purification of SF3a actiitiol. Chem.
structure (Aravind and Koonin, 2000). Among these is the 268 17640-17646.

: . . Céceres, J. F., Misteli, T., Screaton, G. R., Spector, D. L. and Krainer, A.
scaffold attachment factor SAF-B, which interacts with RNA R. (1997). Role of the modular domains of SR proteins in subnuclear
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splicing proteins, and colocalizes with SC35 in speckle€armo-Fonseca, M.(2002). New clues to the function of the Cajal body.
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; armo-Fonseca, M., Tollervey, D., Pepperkok, R., Barabino, S. M.,
component of SF3b and the mature U2 snRNP (Gozani et aﬁ:.,Merdesv A. Brunner, C.. Zamore, P. D., Green. M. R., Hurt. E. and

1996), contains an N-terminal SAP motif. It has been |amond, A’ I. (1991). Mammalian nuclei contain foci which are highly
suggested that the SAP motif may target proteins to specifiCenriched in components of the pre-mRNA splicing machirE&#s0 J.10,
chromosomal locations, thereby contributing to the coupling of 195-206. _ _ _

transcription with splicing and other processes (Aravind anT22, 12 1o e o B e e etween the essential
Koonin, ,2000)' Domains that have been |mpI|catt_ed In targeting mamr’nalian spliceosome-associated proteins SAP 61 and SARPbTA.
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